Abstract We determined the melting phase relations, melt compositions, and melting reactions of carbonated peridotite on two carbonate-bearing peridotite compositions (ACP: alkali-rich peridotite ? 5.0 wt % CO 2 and PERC: fertile peridotite ? 2.5 wt % CO 2 ) at 10-20 GPa and 1,500-2,100°C and constrain isopleths of the CO 2 contents in the silicate melts in the deep mantle. At 10-20 GPa, near-solidus (ACP: 1,400-1,630°C) carbonatitic melts with \ 10 wt % SiO 2 and [ 40 wt % CO 2 gradually change to carbonated silicate melts with [ 25 wt % SiO 2 and \ 25 wt % CO 2 between 1,480 and 1,670°C in the presence of residual majorite garnet, olivine/wadsleyite, and clinoenstatite/clinopyroxene. With increasing degrees of melting, the melt composition changes to an alkali-and CO 2 -rich silicate melt (Mg# = 83.7-91.6; * 26-36 wt % MgO; * 24-43 wt % SiO 2 ; * 4-13 wt % CaO; * 0.6-3.1 wt % Na 2 O; and * 0.5-3.2 wt % K 2 O; * 6.4-38.4 wt % CO 2 ). The temperature of the first appearance of CO 2 -rich silicate melt at 10-20 GPa is * 440-470°C lower than the solidus of volatile-free peridotite. Garnet ? wadsleyite ? clinoenstatite ? carbonatitic melt controls initial carbonated silicate melting at a pressure \ 15 GPa, whereas garnet ? wadsleyite/ringwoodite ? carbonatitic melt dominates at pressure [ 15 GPa. Similar to hydrous peridotite, majorite garnet is a liquidus phase in carbonated peridotites (ACP and PERC) at 10-20 GPa. The liquidus is likely to be at * 2,050°C or higher at pressures of the present study, which gives a melting interval of more than 670°C in carbonated peridotite systems. Alkali-rich carbonated silicate melts may thus be produced through partial melting of carbonated peridotite to 20 GPa at near mantle adiabat or even at plume temperature. These alkali-and CO 2 -rich silicate melts can percolate upward and may react with volatile-rich materials accumulate at the top of transition zone near 410-km depth. If these refertilized domains migrate upward and convect out of the zone of metal saturation, CO 2 and H 2 O flux melting can take place and kimberlite parental magmas can be generated. These mechanisms might be important for mantle dynamics and are potentially effective metasomatic processes in the deep mantle.
mantle (Canil and Bellis 2007) . Considerable debate remains on the origin of kimberlites regarding their depths of formation (e.g., Wyllie 1980; Ringwood et al. 1992; Mitchell 1995; Haggerty 1999; Hayman et al. 2005; Kaminsky et al. 2010) , the composition of the source material-e.g., metasomatically enriched, previously meltdepleted, garnet peridotite facies lithospheric mantle or garnetite and clinopyroxenite and mica-rich veins (e.g., Foley 1992; Edgar and Charbonneau 1993; Tainton and McKenzie 1994; le Roex et al. 2003; Chalapathi Rao et al. 2004; Harris et al. 2004) , and the concentrations of volatiles (H 2 O, CO 2 , F, Cl) in the primary magmas (e.g., Brey and Ryabchikov 1994; Brey et al. 2009; Foley et al. 2009; Litasov et al. 2010) .
The global distribution of low-velocity regions in the Earth's mantle and transition zone (Forsyth et al. 1998; Tauzin et al. 2010; Schmerr 2012) provides evidence for large-scale occurrence of partial melting in the peridotite mantle. These anomalies (e.g., low shear wave velocity and high attenuation) can be explained by hydrous melting (Karato 2003) , carbonated melting , or by temperature variations (Stixrude and Lithgow-Bertelloni 2007) . Electrical conductivity measurements also show several anomalies in the upper mantle and transition zone (Kelbert et al. 2009; Karato 2011; Naif et al. 2013) , which can be interpreted as resulting from the presence of carbonate melts (Gaillard et al. 2008) .
Petrological evidence based on inclusions in diamonds suggests that at oxidized conditions, carbonatitic melts could be present in the lower mantle (Walter et al. 2008 (Walter et al. , 2011 . However, due to the small abundance of carbon in the mantle, i.e., * 20-120 and 300-800 ppm C, respectively, for MORB and OIB source regions (Marty 2012), only a small fraction of carbonatitic melt could be generated in the deep upper mantle (Dasgupta and Hirschmann 2010) and such a small melt fraction should not change the physical properties (e.g., density and viscosity) of the mantle. This can be illustrated by the effect of solid carbonates on the density and velocity of the mantle peridotite or eclogite, which is negligible until the carbonate fraction is increased above 10 wt % (e.g., Litasov et al. 2008; Sanchez-Valle et al. 2011) . Moreover, at depths greater than 150 km, the mantle is likely to be too reduced to host carbonates or carbonatite melts (Stagno and Frost 2010; Stagno et al. 2013) . The mantle at depths greater than 250 km may be reduced enough to host an Fe,Ni metal phase (Frost et al. 2004; Rohrbach et al. 2007 .
Previously, there were two different types of experiments conducted on carbonated peridotite at the upper mantle and transition zone depths. One type mainly focused on the near-solidus phase equilibria, where low-Si (less than 10 wt %) carbonatitic melts coexist with mantle assemblages (e.g., Dasgupta and Hirschmann 2006; Ghosh et al. 2009; Rohrbach and Schmidt 2011) . In the second set of experiment, the stability of carbonated silicate melts was constrained either in simplified systems or at a single pressure (Dalton and Presnall 1998a; Stagno and Frost 2010) . Dasgupta et al. (2013) suggested that carbonated silicate melting can occur beneath the mid-ocean ridges down to 250 km depth. However, gradual change from carbonatite-to-silicate melt is still poorly constrained at C 300 km depth, where redox melting probably starts (Rohrbach and Schmidt 2011) .
In this study, we present phase relations, melt compositions, and melting reactions on two carbonated peridotite compositions, i.e., ACP: alkali-rich peridotite with 5 wt % CO 2 and PERC: fertile peridotite with 2.5 wt % CO 2 , at pressures of 10-20 GPa (corresponding to the depths of 300 km and slightly shallower than 600 km) and temperatures of 1,500 to 2,100°C. We also calculate isopleths of the CO 2 contents in the melts as a function of temperature. Finally, we discuss the gradual change of low-silica carboantitic melts to carbonated silicate melts dependent on pressure and temperature.
Experimental and analytical techniques

Starting materials
The starting materials were a synthetic alkali-rich carbonated peridotite (ACP) and carbonated fertile peridotite (PERC). They contained 5.0 and 2.5 wt % CO 2 , respectively (Ghosh et al. 2009; Dasgupta and Hirschmann 2006) ( Table 1 ). The starting materials were synthesized by heating the mixture of high-purity oxides and carbonates with the controlling oxygen fugacity. Carbon dioxide was added as CaCO 3 , Na 2 CO 3 , K 2 CO 3 (reagent grade carbonates), and natural magnesite, which contains 1.2 wt % FeO, 0.5 wt % MnO, and 0.3 wt % CaO; natural siderite, which contains 57.7 wt % FeO, 3.0 wt % MnO, and 0.2 wt % MgO according to the microprobe analyses. Oxides were mixed in an agate mortar under ethanol and then fired at 1,400°C in a CO 2 /H 2 gas mixing furnace under the controlled oxygen fugacity (fO 2 ) at log fO 2 = FMQ-1 to remove Fe ?3 from the sample. The quenched sample of the mixture of glass and minerals (olivine, opx, cpx, garnet) with a peridotite composition was crushed and ground under ethanol for 60 min, after that carbonates were added, and finally, the entire mixture was mixed again under ethanol to homogenize the starting material.
Experimental procedure
All experiments were carried out in a 1,000-ton Kawai-type multi-anvil high-pressure apparatus at Tohoku University with the use of 26-mm edge length tungsten carbide cubes holding a 10 mm ZrO 2 -octahedra within TEL of 3.5 mm (10/3.5 assembly). Furnace assembly was essentially the same as one used in Ghosh et al. (2009) . A cylindrical straight lanthanum chromite (LaCrO 3 ) was used as a heating element. The starting material was packed into outer Pt and inner Re double capsules to avoid substantial Fe loss during the experiments. We have used the improved cell assembly in which the temperature gradient inside the cell is reduced by placing thick Re discs and foils inside Pt capsule (Ghosh et al. 2009 ). The temperature difference across the sample was found to be less than 50°C in this cell assembly (Ghosh et al. 2009 ). Total capsule length was 1.4 mm. Pyrophyllite was used as a gasket material. To minimize the possibility of hydrogen diffusion from the gaskets, they were dried in the oven for at least 12 h at 230°C. Other furnace assembly parts were fired in the oven for overnight at 800°C to remove possible moisture from the assembly. Temperature was measured with W 97 Re 3 -W 75 Re 25 C-type thermocouples with no correction for the effect of pressure on the emf. The uncertainty of the pressure measurements is considered to be ± 1 GPa (Litasov and Ohtani 2002) .
The pressure calibrations at room temperature were carried out using semiconductor-to-metal transition in ZnS (15.6 GPa), GaAs (18.3 GPa), and GaP (22 GPa). At high temperature, pressure was calibrated based on the olivinewadsleyite (14.3 GPa, 1,600°C, Morishima et al. 1994) and wadsleyite-ringwoodite (17.4 GPa, 1,000°C, Suzuki et al. 2000b) transitions. Load was applied to the assembly until the target pressure had been achieved and then temperature was raised at a rate of * 50-100°C/min.
Analytical methods
After each experiment, the recovered capsule was mounted into a low-viscosity epoxy resin and ground under petroleum benzine (Wako Co. Ltd.) to expose a cross section through the center of the sample. Water and other lubricants were avoided during polishing to preserve alkalis in the sample. The final surface of the run products was polished with dry diamond powder (1 and 3 lm in diameter). Finally, polished mounts were coated with a carbon film for electron microprobe analysis.
All experimental runs were analyzed by the wavelength dispersive electron microprobe analysis using a 5 spectrometer JEOL JXA-8200 electron microprobe at ETH Zürich. Electron beam conditions were set to 15 kV, 20 nA beam current for silicate minerals, counting times for Si, Ti, Cr, Al, Fe, Mg, and Ca were 20 s on peak and 10 s on (Table 2) . Textural analysis of the sample was observed also using JEOL JSM-71010 field emission scanning electron microscope (FEG-SEM) operating with an acceleration voltage Phase proportions (in wt %) of all the phases were estimated by mass-balance calculation; the error are 1r standard deviation with respect to mean for the calculated phase proportions, using uncertainties in analyzed phase compositions. ''Sum r 2 '' is the summation of squares of residuals obtained by using mineral modes, phase compositions, and composition of starting material. Oxygen fugacity (fO 2 ) calculation is done by the estimated CO 2 mole fractions of carbonated silicate melt (Table 6) , following the calibration of Stagno and Frost (2010) . fO 2 values are reported as DlogfO 2 was calculated as logfO 2 (IW) -logfO 2 (experimental sample), where IW represents buffer set by the coexistence of iron and wüstite, and is used for calculation from O'Neill (1987) Gt garnet, Ol olivine, Wd wadsleyite, Cen clinoenstatite, Cpx clinopyroxene, Mw magnesiowüstite, csM carbonated silicate melt of 15 kV at Institute for Materials Research, Tohoku University.
Olivine and wadsleyite were also identified by Raman spectra of the polished samples using the JASCO NRS-2000 spectrometer with a nitrogen-cooled CCD detector at Tohoku University. A microscope was used to focus the excitation laser beam (514.5 nm lines of a Princeton Instruments Ar ? laser).
Results
Twenty-six experiments were performed on two different bulk compositions (ACP and PERC; Table 1 ) at 10-20 GPa and 1,500-2,100°C. A summary of run conditions, resulting phases, and calculated phase proportions are listed in Table 2 . Backscattered electron images of representative charges are shown in Fig. 1a- proportions estimated by mass-balance calculations are plotted in Fig. 2 as a function of temperature. Compositions of minerals and melts are given in Tables 3-6. Figure 3 shows phase relations in alkali-rich carbonated peridotite (ACP) to 20 GPa and solidi of carbonated peridotite in simple and complex systems to * 660 km depth (Dalton and Presnall 1998b; Dasgupta and Hirschmann 2006; Ghosh et al. 2009; Rohrbach and Schmidt 2011) . fO 2 is calculated only for those runs where olivine, clinoenstatite, and melt are present. As neither Graphite/diamond nor ReO 2 were found in any of the experiments, we suggest that fO 2 in the present study is at higher fO 2 than graphite-CO-CO 2 (CCO) but below the Re-ReO 2 (RRO) buffer. Oxygen fugacity, however, is likely to be at or close to the EMOD buffer because the coexisting phases have a strong buffering effect and also control the SiO 2 activity in the charges.
Phase relations
ACP bulk composition
Near-solidus phase relations at 10-20 GPa for ACP have been already reported in Ghosh et al. (2009) . Clinopyroxene (hereafter Cpx) disappears just above the solidus at 10-15 GPa, which is located at lower temperatures compared to volatile-free peridotite (KLB-1: 15 GPa and 2,060°C; Zhang and Herzberg 1994) and hydrous peridotite (CMAS: 10 GPa and 1,750°C; Litasov and Ohtani 2002) . The CO 2 content of the bulk decreases the stability field of Cpx, as observed in various studies on volatile-free and carbonated peridotites at low pressures (Hirose 1997; Walter 1998; . Comparison with the hydrous system (Litasov and Ohtani 2002) indicates that CO 2 has a stronger effect to suppress Cpx stability than H 2 O. Clinoenstatite (hereafter Cen), which has the ilmenite structure (Gasparik 2003) , is stable to 1,700°C at 12.5 GPa and 1,825°C at 15 GPa, where it coexists with melt ? garnet ? olivine/wadsleyite. Experiments at higher temperature yield melt ? garnet ± olivine/wadsleyite at these pressures. Cpx and Cen are stable to 15 GPa. Olivine/ wadsleyite is stable to 1,800°C at 10 GPa, 1,900°C at 15 GPa, and 2,000°C at 20 GPa. Garnet and melt are present in all experiments. Al 2 O 3 contents in melts decrease with pressure, which is mainly due to increasing stability of garnet relative to olivine/wadsleyite. Similar to hydrous peridotite (Litasov and Ohtani 2002) , majoritic garnet is the liquidus phase in carbonated peridotite at 10-20 GPa. Run products contain 25, 15, and 35 % (by mass-balance calculation) garnet coexisting with carbonated silicate melt at 2,000°C and 10 GPa (D052), 2,100°C and 15 GPa (D054), and 2,100°C and 20 GPa (D047), respectively. The liquidus temperature of the carbonated peridotite is close to hydrous peridotite (Litasov and Ohtani 2002) , but may be slightly lower than of an volatile-free peridotite (Zhang and Herzberg 1994) at 10-20 GPa, which gives more than 670°C melting interval in the carbonated system.
PERC bulk composition
The experimental interval of * 200°C does not allow us to constrain the phase relations in this composition.
Although we observe Cpx is stable to 1,800°C at 10-15 GPa, where it coexists with melt ? garnet ? olivine/wadsleyite, experiments at higher temperature yield melt ± garnet at these pressures. At 20 GPa, melt coexists with garnet ? wadsleyite ± magnesiowüstite to 2,000°C. Magnesiowüstite has been found only at 2,000°C and 20 GPa with Mg# of 89.2. Carbonated silicate melts is stable at 2,000°C and 20 GPa. Similar to ACP bulk composition, majoritic garnet is liquidus phase over the investigated pressure range. (Fig. 1) . The compositions of all minerals and melts show systematic trends of variation with the pressure and temperature. Phase proportions were calculated from mass balance (Fig. 2 ) also suggest that the present experiments are close to equilibrium. Mass-balance calculation suggests FeO tot loss is less than 3-8 wt %, relative to the bulk FeO tot content in most of the experiments.
Mineral compositions
The compositions of six phases are measured in these experiments-carbonated silicate melt, majoritic garnet, olivine/wadsleyite, and clinoenstatite/cpx-as a function of temperature between 10 and 20 GPa for ACP and PERC. Garnet-garnets appear as idiomorphic and 10-40 lm large crystals. In runs at 1,850 and 2,100°C, close to its upper stability limit, more rounded garnet crystals form (Fig. 1c, d ). They are free from inclusions and compositionally unzoned. Garnet contains 6.7-16.7 wt % Al 2 O 3 , 1.2-4.8 wt % CaO, 0.1-0.4 wt % TiO 2 , 0.4-1.4 wt % Cr 2 O 3 , and 0.1-0.5 wt % Na 2 O. Al 2 O 3 content increases with temperature at 15-20 GPa, whereas CaO content decreases with increasing temperature at 10-20 GPa (Fig. 4) . Majorite component (mol %) in garnet is in the range of 24-71 at 10-20 GPa.
The number of Si (pfu) is increased from 3.24 to 3.27 at 10 GPa and from 3.50 to 3.71 at 20 GPa, respectively ( Fig. 5a ; Table 3 ). The strong positive correlation between Si and pressure is in agreement with the previous data on volatile-free peridotite (Akaogi and Akimoto 1979; Irifune 1987; Ito and Takahashi 1987; Suzuki et al. 2000a; Walter 1998 , Corgne et al. 2012 , hydrous peridotite (Kawamoto et al. 1995; Kawamoto 2004) , and carbonated peridotite (this study; Rohrbach and Schmidt 2011) .
The sum of Al and Cr (pfu) is decreased from 1.3 to 1.5 at 10 GPa and 0.6-0.7 at 20 GPa, respectively (Fig. 5b) . At same pressure, Si (pfu) and Al ? Cr (pfu) in garnet do not change much with increasing temperature in volatile-free, hydrous and carbonated peridotite to 20 GPa.
The Mg number (Mg# = 100 9 molar Mg/[Mg ? Fe tot ]) of majoritic garnet is increasing slightly with increasing temperature, which corresponds to an increase in pyrope component, from 90.4 to 94.5 at 10 GPa and from 91.3 to 96.1 at 20 GPa. Please note that at depth greater than 250 km, garnet can contain up to 15 mol % ferric iron in total Fe (Rohrbach et al. 2007 ).
Olivine polymorphs-olivines are subidiomorphic to euhedral and up to 20-100 lm long crystals (Fig. 1a, b) . Olivine crystals are inclusion-free, whereas wadsleyites always contain garnet inclusions (Fig. 1d, e) . The Mg# of olivine/wadsleyite increases slightly with increasing temperature. The Mg# of wadsleyite is lower (92.7-93.7) than that of olivine (94.5-94.8) in ACP. The Mg# correlates positively with the forsterite component.
Clinoenstatite-pyroxenes in the run products form tabular and 5-15 lm large grains (Fig. 1a) . In ACP bulk composition, clinoenstatite is stable up to 1,700°C at 10.0-12.5 GPa and it is stable at higher temperature (1,825°C) at 15 GPa. Clinoenstatite has nearly pure (Mg, Fe)SiO 3 composition and contains 0.1-0.3 wt % Al 2 O 3 and 0.4-0.6 wt % CaO. Cen has Mg# of 94.7-96.5 and Ca# of 0.8-1.1. In PERC bulk composition, clinopyroxene is stable to 1,800°C at 10-15 GPa. At 1,800°C and 10 GPa, Cpx has Mg# of 91.8 and Ca# of 21.5 and contains 1.1 wt % Al 2 O 3 and 0.8 wt % Na 2 O.
Melt compositions
The melts quench to the mixtures of carbonate and silicate phases with feathery quench crystals of typically 1-3 lm across and 5-50 lm length (Fig. 1f) . Melts are alkali-rich carbonated silicate melts at the pressures and temperatures targeted in this study. We assume that all CO 2 in the run products partitioned into the melt.
ACP bulk composition
At 10-20 GPa, the near-solidus initial melts are magnesiocarbonatitic in composition containing \ 10 wt % SiO 2 and [ 40 wt % CO 2 , and 10-13 % melt fractions were produced (Ghosh et al. 2009 ). Carbonatitic melt has Mg# of 90.8-93.9 and Ca# of 22.8-36.6. With increasing temperature, carbonated silicate melts ([ 25 wt % SiO 2 , \ 25 wt % CO 2 ) are produced at melt fractions from 26 to 85 % in all experiments in the present study. A transition from carbonatitic-to-carbonated silicate melts is observed from 1,400 to 1,700°C at 10 GPa, from 1,600 to 1,825°C at 15 GPa, and from 1,630 to 1,900°C at 20 GPa, respectively. Although few runs show intermediate composition with 14.3-24.0 SiO 2 and 23.0-38.4 CO 2 from 1,600 to 1,800°C at 10-20 GPa, SiO 2 contents increase from 17.8 to 40.6 wt % between 1,600 and 2,000°C at 10 GPa, from 31.9 to 38.5 wt % between 1,825 to 2,100°C at 15 GPa, and from 23.8 to 42.9 wt % between 1,810 and 2,100°C at 20 GPa, respectively. With increasing temperature, MgO and Al 2 O 3 contents also increase, whereas TiO 2 , FeO tot , and CaO contents decrease, producing at all pressures in carbonated silicate melts at C 1,700°C. Na 2 O and K 2 O contents in melts decrease with increasing pressure. At 10-20 GPa, carbonated silicate melts saturated with garnet, olivine/wadsleyite, and/or clinoenstatite yielding 10.8-25.1 wt % CO 2 content in the melts. With increasing temperature and degree of melting, CO 2 contents in the melt progressively decrease to the range of 6.4-15.4 wt % once olivine/wadsleyite is exhausted. The Mg# of the carbonated silicate melts in the range of 84.2-90.3 is lower than those of the carbonatitic melts. The Ca number (Ca# = 100 9 molar Ca/ [Ca ? Mg ? Fe tot ]) in carbonated silicate melt decreases with temperature from 16.1 to 6.7 between 1,700 and 2,000°C at 10 from Dalton and Presnall (1998b) , purple curve (RS11): solidus of fertile peridotite (with 5 wt % CO 2 ) from Rohrbach and Schmidt (2011) , and orange curve is the solidus of dry peridotite (KLB-1) from Herzberg et al. (2000) . Dash red and green double lines show olivine-to-wadsleyite transition from Morishima et al. (1994) and wadsleyite-to-ringwoodite transition from Suzuki et al. (2000b (Tables 3, 4 , 5, 6).
PERC bulk composition
At 10-20 GPa, alkali-rich and carbonated silicate melts are produced at melt fractions from 35 to 60 %. At 1,800°C and 10 GPa, melt has a Mg# of 80.2, Ca# of 17.1, contains 37.8 wt % SiO 2 , 1.6 wt % of Al 2 O 3 , and 12.5 wt % CO 2 . At 20 GPa, SiO 2 contents increase from 24 wt % at 1,800°C to * 35 wt % at 2,000°C. Mg# shows little variation from 84.7 to 85.6 and Ca# decreases from 18.8 to 9.5 between 1,800 and 2,000°C.
Discussion
Comparison with previous experimental studies on melting of carbonated peridotite Experimental studies suggest that both carbonatitic and carbonated silicate melt (e.g., kimberlitic, melilititic, basaltic, picritic, and komatiitic melts) could be generated at different temperatures and melt fractions in carbonated peridotite at 3-7 GPa (e.g., Hirose 1997; Dalton and Presnall 1998a, b; Gudfinnsson and Presnall 2005; Girnis et al. 2005; Dasgupta et al. 2007a, b; Brey et al. 2008 . For the simplified system CaO-MgO-SiO 2 (CMS)-CO 2 , Wyllie and Huang (1975) have first shown that at \ 3 GPa, the melt will progressively change from carbonatitic to basaltic and then kimberlitic compositions with increasing temperature. Following the initial study of Wyllie and Huang (1975) , Hirose (1997) studied the melting phase relations of KLB-1 peridotite with 2.6 wt % CO 2 at 3 GPa (Akaogi and Akimoto 1979; Irifune 1987; Ito and Takahashi 1987; Kato et al. 1988; Herzberg and Zhang 1996; Walter 1998; Suzuki et al. 2000a; Corgne et al. 2012) , hydrous peridotite (Kawamoto et al. 1995; Kawamoto 2004) , and carbonated peridotite (Rohrbach and Schmidt 2011) using the diamond aggregate method and observed that near-solidus initial melt is close to carbonatite at 1,350°C and becomes silicate-rich with increasing temperatures, close to melilitite at 1,400-1,450°C. Then, it changes to nephelinite or tholeiite basalt at 1,475-1,525°C. performed partial melting experiments on two carbonate-bearing fertile peridotites (PERC: KLB-1 ? 2.5 wt % CO 2 ; PERC3: KLB-1 ? 1.0 wt % CO 2 ) at 3 GPa from 1,050 to 1,600°C. They observed a sharp transition from carbonatite-to-carbonated silicate melt and suggested that an alkaline ocean island basalt could be produced by 1-5 % partial melting of fertile peridotite source with 0.10-0.25 wt % CO 2 . Continuous changes in melt compositions (without sharp transition) were observed in CMS-CO 2 at 3 GPa (Moore and Wood 1998), in CaO-MgO-Al 2 O 3 -SiO 2 (CMAS)-CO 2 at 3-8 GPa (Dalton and Presnall 1998b; Gudfinnsson and Presnall 2005) , in KLB-1 ? 5.6 wt % CO 2 at 6-10 GPa by Brey et al. (2008) , and in PERC at 2-5 GPa by Dasgupta et al. (2013) . In the present experiments combined with the data by Ghosh et al. (2009) , we also did not observe a sharp transition from carbonatite-to-carbonated silicate melt with increasing temperature. On the other hand, the mean temperature intervals of the present study were 100°C, which may not be sufficient to clarify a sharp transition from carbonatitic-to-carbonated silicate melt with increasing temperature and degree of melting. Previous studies (Dalton and Presnall 1998a; Gudfinnsson and Presnall 2005; Brey et al. 2008 ) reported melt compositions contain 10-20 wt % SiO 2 and 30-40 wt % CO 2 and show intermediate compositions between carbonatitic and carbonated silicate melts. Our melt compositions from alkali-rich carbonated peridotite (ACP) can be directly compared with Litasov and Ohtani (2009) , which describes phase relations in a model alkali-rich carbonated peridotite [NCMAS (N = Na 2 O) ? 5 wt % CO 2 ] at 10-32 GPa. Ca/(Ca ? Mg) decreases from 0.18 to 0.07 between 1,700 and 2,000°C at 10 GPa, 0.16 to 0.09 between 1,825 and 2,100°C at 15 GPa, and from 0.08 to 0.06 between 1,810 and 2,100°C at 20 GPa for ACP (except D007, where the CaO content is little higher, mainly due to difficulty in analyzing the small melt pockets and uncertainty is in the order of 5 wt %). At 10 GPa and 1,600°C, melt composition in ACP shows higher Ca/(Ca ? Mg), Na 2 O and CO 2 , and lower SiO 2 , Al 2 O 3 , MgO, and CaO than melt from a model alkali-rich carbonated peridotite . This discrepancy could be explained by variations in the bulk starting materials used in these two studies. Litasov and Ohtani (2009) used a silica-and magnesia-rich bulk composition (SiO 2 = 44.8 and MgO = 41.8 wt %) compared to the bulk compositions used in the present study (Table 1) , which produces \ 1 % Cpx in the run product for the former and gives lower Ca/(Ca ? Mg), although CO 2 content in the bulk composition is nearly the same for both studies. Moreover, at 20 GPa and 1,800°C, model carbonated peridotite shows higher Ca/ (Ca ? Mg) = 0.18 than alkali-rich carbonated peridotite (ACP, i.e., 0.08). This discrepancy could be explained by the different silicate phases coexisting with carbonated silicate melt in these two studies. At 20 GPa and 1,800°C, Litasov and Ohtani (2009) observed garnet, wadsleyite, and MgSiO 3 -ilmenite, coexisting with carbonated silicate melt, whereas in the present study, we found only melt coexists with garnet and wadsleyite.
Also, if we compare our melt compositions from ACP and PERC bulk compositions with recent experimental results on hydrous carbonated peridotite with high alkali and volatile contents (Brey et al. 2009 (Brey et al. , 2011 Foley et al. 2009 ), then melts derived from hydrous carbonated peridotites are highly alkaline and ultrapotassic silicate melts, which could form alkaline magmas (orangeites, lamproites, and aillikites).
Effect of CO 2 on melting of peridotite Figure 6a illustrates SiO 2 versus CO 2 contents (wt %) for the melts in this study (ACP and PERC) and compares them with carbonatite and carbonated silicate melts produced in melting experiments on model and complex peridotites at 3-20 GPa (Dalton and Presnall 1998a, b; Moore and Wood 1998; Gudfinnsson and Presnall 2005; Dasgupta and Hirschmann 2007a, b; , Brey et al. 2008 . It is well known that CO 2 reduces the SiO 2 contents in the partial melts of peridotite (e.g., Eggler 1978) . The CO 2 contents of carbonatite and carbonated silicate melt show negative correlation with SiO 2 and also observed by many previous studies (Dalton and Presnall 1998a; Gudfinnsson and Presnall 2005; Dasgupta et al. , 2013 Litasov and Ohtani 2009) . Most compositions obtained in the present study follow a trend of decreasing SiO 2 content with increasing CO 2 . At 10-20 GPa, melts are in equilibrium with olivine/wadsleyite and/or garnet. The data from the present study agree well with the previous studies defining a slope of -1 (in wt %, Fig. 6a ). However, partial melts of carbonated fertile peridotites (Brey et al. 2008; Dasgupta et al. 2013) at lower pressures (4-10 GPa) plot below or above the trend, which shows lower or higher SiO 2 contents in the melts. Magnesiocarbonatitic and carbonated silicate melts show similar trends from 3 to 20 GPa, which suggests that the mixing mechanisms are similar between CO 2 and silicate melt. It is also important that the inverse relationship between SiO 2 and CO 2 in melts of carbonated peridotite does not depend strongly on temperature, pressure, and other parameters, such as the Al 2 O 3 , FeO, and alkali contents.
CaO concentrations in melts increase with increasing CO 2 melt contents (Fig. 6b) . The lower pressure data (3-7 GPa) show a higher trend than higher pressure data (8-20 GPa). At lower pressures, all melts coexist with olivine and orthopyroxene, whereas at higher pressure, melt mainly coexists with olivine/wadsleyite and majoritic garnet, which makes melts less calcic at lower pressure.
Mineral modes and melting reactions in carbonated peridotite between 10 and 20 GPa By using calculated phase proportions for each experiment (Table 2; Fig. 3) , we obtained the melting reactions (in wt %) for carbonated peridotite (ACP) at 10-20 GPa along the melting intervals. For PERC, the average melting reaction is unconstrained due to the large experimental interval, i.e., * 200°C.
At 10 GPa, small amount of initial carbonatitic melt (* 10 wt %) is generated at 1,400°C and is controlled by melting of clinopyroxene and magnesite. The melting reaction is 1:40 Cpx þ 0:80 Mst þ 0:70 Ol
where Cpx is clinopyroxene, Mst is magnesite, Ol is olivine, Cen is clinoenstatite, Gt is garnet, and cbM is carbonatitic melt. Further increase in temperature, large amount of carbonated silicate melt (43 wt %) is generated and clinoenstatite disappears between 1,700 and 1,800°C. The approximate melting reaction is 1:02 Cen þ 0:16 Ol ¼ 1:00 csM þ 0:18 Gt ð2Þ
where csM is carbonated silicate melt. Carbonated silicate melts are rich in SiO 2 , MgO, and CaO, and low Al 2 O 3 indicating olivine and clinoenstatite is the main contributor in the melting reaction. Between 1,800 and 1,900°C, olivine is the main contributor to melting followed by majoritic garnet resulting in 43 and 68 wt % melt, olivine is finally consumed at 1,900°C, and garnet is stable 
Reaction (4) is very similar to the reaction (1) at 10 GPa, consuming less clinopyroxene and producing less clinoenstatite and more garnet. To high temperature, the calculated reaction is where Wd is wadsleyite. Finally, wadsleyite disappears between 1,900 and 2,100°C and melt proportion increases substantially (85 wt %), and the approximate melting reaction is 0:53 Gt þ 0:47 Wd ¼ 1:00 csM ð7Þ
At 20 GPa, clinopyroxene and clinoenstatite are not stable anymore. Between 1,400 and 1,600°C, the solidus reaction is 1:00 Mst þ 0:27 Gt ¼ 1:00 cbM þ 0:27 Rw ð8Þ
where Rw is ringwoodite. Further increase in temperature, the calculated melting reaction consumes carbonatitic melt ? garnet ? ringwoodite/wadsleyite to produce carbonated silicate melt through the reaction 0:57 cbM þ 0:25 Gt þ 0:18 Rw=Wd ¼ 1:00 csM ð9Þ
Finally, wadsleyite is consumed between 2,000 and 2,100°C, resulting 42-65 wt % carbonated silicate melt. The melting reaction is Fig. 7 Diagram shows equilibrium concentration of CO 2 in melt coexisting with peridotite phase assemblage at 10-20 GPa (this work, ACP) and compared with the previous studies on carbonated peridotite at 2-8 GPa (CMAS ? CO 2 : Gudfinnsson and Presnall (2005) and carbonated fertile peridotite: Dasgupta et al. 2013) . Red curve: solidus of carbonated fertile peridotite from Dasgupta and Hirschmann (2006) , green curve: solidus of a model carbonated peridotite from Dalton and Presnall (1998b) , purple curve: solidus of carbonated fertile peridotite from Rohrbach and Schmidt (2011) , blue curve: the solidus for alkalirich carbonated peridotite from Ghosh et al. (2009) , and orange curve: the solidus of dry peridotite (KLB-1) from Herzberg et al.(2000) . Dashed blue, green, and red lines show CO 2 isopleths of melts for carbonated silicate melts after this study, Gudfinnsson and Presnall (2005) and Dasgupta et al. (2013) , respectively. Yellow area shows range of potential mantle temperatures to 25 GPa considering adiabatic behavior in a convecting mantle (Stixrude and LithgowBertelloni 2007) . Gray area indicates range of plume adiabat. The numbers along the lines are wt % of CO 2 in the melt 0:85 Wd þ 0:15 Gt ¼ 1:00 csM
This reaction consumes wadsleyite and garnet and produces carbonated silicate melt at 20 GPa.
Isopleths of the CO 2 contents in the melts as a function of temperature Figure 7 compares isopleths of CO 2 in the carbonated silicate melts from the present and previous studies on carbonated peridotite (CMAS ? CO 2 : Gudfinnsson and Presnall 2005; PERC: Dasgupta et al. 2013 ; ACP: this study). Ghosh et al. (2009) determined the melts generated at the solidus are magnesio-carbonatitic melts between 10 and 20 GPa. Carbonatitic melt gradually changes to carbonated silicate melt with increasing temperature due to the dissolution of Cen, Ol/ Wd, and/or Gt into the melts when F increases from 26 to 85 wt % at 10-20 GPa. We observed that carbonated silicate melt with 25 wt % CO 2 is stabilized at considerably lower temperature (270°C or more) than the solidus of dry peridotite (Herzberg et al. 2000) at 10-20 GPa (Fig. 7) . This suggests that carbonated peridotite melting could possibly take place at relatively lower temperatures than the volatilefree peridotite solidus at the deep upper mantle and transition zone. Dasgupta et al. (2013) constrained the location and the slope of the carbonated silicate melting from PERC at 2-5 GPa and observed that the pressure-temperature (P-T) slope of carbonated silicate melting is steeper than the solidus of volatile-free peridotite (Hirschmann 2000) .
Isopleths of CO 2 in the silicate melts are determined previously vary considerably, mainly because of variations in the bulk starting compositions. If we compare CO 2 isopleths in model CMAS-CO 2 system at 3-8 GPa with carbonated fertile peridotite at 2-5 GPa (Dasgupta et al. 2013) , the isopleths of CO 2 in the FeO-and Na 2 O-free system are higher (* 100°C) than in carbonated fertile peridotite. Similar to previous studies, the concentrations of CO 2 in the melts change nearly linearly with temperature at 10-20 GPa. The SiO 2 content in the carbonated silicate melts of peridotite increases with increasing temperature from 10 to 20 GPa (18, 35 and 41 wt % SiO 2 in melt at 1,600, 1,800, and 2,000°C at 10 GPa and 24, 36, and 43 wt % SiO 2 in melt at 1,810, 2,000, and 2,100°C at 20 GPa). This behavior is in general agreement with the previous results at lower pressures (Moore and Wood 1998; Gudfinnsson and Presnall 2005; Dasgupta et al. 2013) . The increase in SiO 2 content with increasing temperature is related to an decrease in the CO 2 solubility of the melt. Therefore, we can also plot these isopleths of CO 2 in the melts in terms of SiO 2 in the melts. If we compare ACP data with lower pressure data of PERC bulk composition at 2-5 GPa (Dasgupta et al. 2013 ), PERC bulk composition shows slightly lower CO 2 content, whereas model system (CMAS) reflects higher CO 2 content in the melts at lower pressures. The P-T slope of CO 2 isopleths in alkali-rich peridotite (ACP) is gentler than of model (CMAS) and fertile peridotite (PERC). The melt with 20 wt % CO 2 shows positive slope (i.e., * 50°C/GPa) for model and : DT is the difference between the T-F trends of volatile-free and carbonated peridotite. DT increases from 10 to 20 GPa, which suggests CO 2 has strong effect on silicate melting. Errors are 1r with respect to mean C L CO2 fertile peridotite at 2-8 GPa Dasgupta et al. 2013) , and these slopes are steeper than that for ACP at \ 15 GPa (30°C/GPa). Above 15 GPa, ACP shows almost flat slope with weak temperature dependence of * 10°C/GPa. This change could be explained by the different silicate phases coexisting with carbonated silicate melt between 10 and 20 GPa. Up to 15 GPa, garnet, olivine/ wadsleyite, clinopyroxene, and clinoenstatite always coexist with melt, whereas above 15 GPa, garnet and olivine/wadsleyite are stable with carbonated silicate melt.
By following the approach of , we parameterized the effect of CO 2 on melting of peridotite. To parameterize DT, at 10, 15, and 20 GPa, we used the following T-F trends (Fig. 8a) for volatile-free peridotite based on the results from the previous studies: Here, we used the data of volatile-free peridotite at 10 GPa after Zhang and Herzberg (1994) and Litasov and Ohtani (2002) , 15 GPa after Zhang and Herzberg (1994) and Herzberg and Zhang (1996) and at 20 GPa after Litasov et al. (2001) .
To calculate the extent of silicate melting, F, induced by the amount of CO 2 , we parameterized the temperature difference, DT, at a given melt fraction between the T-F trends for volatile-free peridotite (Zhang and Herzberg 1994; Herzberg and Zhang 1996; Litasov et al. 2001; Litasov and Ohtani 2002) and for alkali-rich carbonated peridotite (this study) as a function of the CO 2 content in the melts, C L CO2 (wt %, Fig. 8b ). The C L CO2 versus DT trend is nearly linear up to * 25 wt % CO 2 , which is consistent with simple freezing point depression (Denbigh 1981) and can be fitted with an empirical function as:
where C L CO2 is in weight percent. We consider that CO 2 is principally incompatible in silicate phases (D peridotite=melt CO2 \ *10 -4 for silicate melts and * 10 -5 for carbonate melts; Hauri et al. 2006; Shcheka et al. 2006 ), Eqs. (11) and (12) allow us to calculate the T-F trends for peridotite with variable bulk concentrations of CO 2 (Fig. 8a) . Please note that Eq. (11) shows large error due to indirect determination of CO 2 contents in the melts. Figure 8a shows that the temperature difference between the T-F trends defined for volatile-free peridotite (Zhang and Herzberg 1994; Herzberg and Zhang 1996; Litasov et al. 2001; Litasov and Ohtani 2002) and carbonated peridotite (this study) between 10 and 20 GPa, which increases with increasing pressures. Therefore, CO 2 can induce and stabilize silicate melts with variable amount of CO 2 dissolved in it at relatively lower temperatures compared to volatile-free peridotite solidus at greater depths. Carbonated silicate melting begins at * 400, 420, and 470°C below the volatile-free peridotite solidus at 10, 15, and 20 GPa, respectively. This is due to the diminishing influence of non-ideal mixing between the silicates and carbonates with increasing pressure, which has been observed in the carbonated peridotite system at lower pressures (Dasgupta et al. , 2013 .
Generation of peridotite-derived CO 2 -rich silicate melts in the Earth's deep mantle Figure 9 summarizes CO 2 -rich silicate melt compositions generated from peridotite (Brey et al. 2008 ; Dasgupta et al. Fig. 9 Composition of carbonated silicate melts projected into CaOMgO-FeO* (wt %) ternary from this study (ACP alkali-rich carbonated peridotite) and compared with experimental carbonated silicate melts produced from carbonated peridotite (Brey et al. 2008; Dasgupta et al. 2013 ) and the dashed area represents carbonated silicate melts produced from carbonated altered oceanic basalt (Hammouda 2003; Kiseeva et al. 2012 Kiseeva et al. , 2013 . Yellow and green crosses show PERC and ACP bulk compositions. Arrow denotes evolution of carbonates silicate melts with increasing temperature. Arrow denotes the evolution of carbonate silicate melts with increasing temperature for Brey et al. (2008) and this study. Gray field shows experimental determined carbonatitic melts from carbonated fertile peridotite and alkali-rich carbonated peridotite at 6.6-20 GPa (Dasgupta and Hirschmann 2006; Ghosh et al. 2009; Rohrbach and Schmidt 2011) . Red plus sign shows melts obtained from PERC bulk composition at 5 GPa (Dasgupta et al. 2013) . Carbonated silicate melts formed from peridotites have higher Mg# and lower Ca# than those from carbonated eclogites 2013) and altered oceanic basalt (Hammouda 2003; Kiseeva et al. 2012 Kiseeva et al. , 2013 in a (wt %) ternary CaO-FeO-MgO. The near-solidus melts of carbonated peridotite are carbonatitic melts with Mg# of 87-94. With increasing temperature and melt fractions, the Mg ? Fe enrichment occurs mainly through melting of olivine ± clinoenstatite, which produces carbonated silicate melts. Brey et al. (2008) performed melting experiments in KLB-1 ? 5.6 wt % CO 2 and suggested that a primitive kimberlite can be generated from depleted mantle peridotite that is re-enriched through volatile-bearing melts and fluids that contain high trace elements concentrations (e.g., Nb, Ta, and LREE). They also suggested that carbonated silicate melts generated from peridotite become characteristically more magnesian and less calcic with increasing degree of melting at 6-10 GPa. In ACP bulk composition, Mg# in the carbonated silicate melt increases with melt fraction and become more magnesian from 85.5 to 89.5 at 10 GPa and 83.7-90.3 at 20 GPa, respectively. Carbonated silicate melts from this study can be directly compared with Brey et al. (2008) at 6-10 GPa and Dasgupta et al. (2013) at 5 GPa. With increasing degree of melting, carbonated silicate melts show a similar trend and melts become more magnesian in carbonated peridotite. However, melts from ACP is little more magnesian than Brey et al. (2008) and Dasgupta et al. (2013) due to the relative loss of Fe from the Pt-Re capsule. Carbonated silicate melts from this study are SiO 2 -and Al 2 O 3 -rich compared to carbonatitic melts produced by the low degree of melting of carbonated peridotite in other studies at 10-20 GPa (Ghosh et al. 2009; Rohrbach and Schmidt 2011) . We attribute this change to the occurrence of relatively SiO 2 -poor majoritic garnet as a liquidus phase, which increases SiO 2 content of the melts at 10-20 GPa (Table 3) . The most distinguishing feature in comparison with eclogite-derived carbonated silicate melts is low Mg# and high Ca# (Hammouda 2003; Kiseeva et al. 2012 Kiseeva et al. , 2013 . Our experiments show that carbonated peridotite can generate the CO 2 -rich silicate melt that may have up to 6 wt % of alkalis (Table 2 ) at 10-20 GPa. It is possible that some of these high-Mg# and low Ca# melts are suitable as parental kimberlite melts (Mitchell 1995) . Please note that this comparison does not cover trace element concentrations or isotopic variations. Some of these melts may originate from mantle plumes rising at the base of the transition zone or from the lower mantle Li et al. 2000; Romanowicz and Gung 2002) . Plumes originated in these regions may have temperatures that are 200-300°C higher than the mantle adiabat at 660-km depth (Fig. 7; Stixrude and Lithgow-Bertelloni 2007) . Some of the proposed models for kimberlite genesis favor melts originating in the transition zone or lower mantle (e.g., Ringwood et al. 1992; Torsvik et al. 2010) and from mantle plumes (e.g., Crough et al. 1980) . Therefore, carbonated silicate melting in the deep mantle does not require anomalously high temperatures and these melts may be produced over large depth intervals and in regions where redox conditions are oxidized.
The oxygen fugacity in the uppermost mantle is close to FMQ-2 (Ballhaus 1993) and decreases with increasing pressure (Woodland and Koch 2003; Stagno et al. 2013) . At 10 GPa, fO 2 is close to the IW buffer and in the transition zone, fO 2 is between 2 and 0 log units below the IW buffer along the mantle adiabat (Frost and McCammon 2008) . In the present study, fO 2 is significantly higher than in ambient mantle at these depths (Table 2) . Consequently, carbonatitic and carbonated silicate melts from ACP and PERC lithologies can be expected to be unstable in ambient mantle (Stagno and Frost 2010) and suffer redox freezing when infiltrating the ambient mantle (Rohrbach and Schmidt 2011) . However, alkali-enriched carbonatites can be produced and remobilized by carbonatitic redox melting (Foley 2011 ) when realms of former carbonatite infiltration are incorporated into upwelling mantle (Rohrbach and Schmidt 2011 ) and may thus be a possible explanation for some high electrical conductivity anomalies in the deep mantle (Shimizu et al. 2010) . When carbonatitic redox melting occurs at depths less than 150 km, the ambient mantle might be sufficiently oxidized to coexist with these carbonatites (Stagno et al. 2013) . Litasov et al. (2013) estimated that carbonatite diapir of 0.5-1.0 km diameter reduces its size by 30-50 % during ascent from 550 to 200 km depth. These oxidized carbonatites and, at higher degrees of melting, alkali-rich carbonated silicate melts are low in density, and viscosity can percolate upwards even through the reduced mantle via dissolution-precipitation mechanism (Hammouda and Laporte 2000; Shatskiy et al. 2013 ). Hydrous and carbonate-rich melts are neutrally buoyant at the top of the transition zone (Matsukage et al. 2005; Sakamaki et al. 2006; Ghosh et al. 2007 ). The alkali-and CO 2 -rich silicate melts may react with volatile-rich materials at 410-km depth. If these refertilized domains migrate upward and convect out of the zone of metal saturation, CO 2 and H 2 O flux melting can take place and kimberlite parental magmas can be generated. These mechanisms might be important for mantle dynamics and are potentially effective metasomatic processes in the deep mantle.
Conclusions
We have experimentally determined the melting phase relations and melt compositions in two carbonate-bearing peridotite compositions (ACP: alkali-rich peridotite ? 5.0 wt % CO 2 and PERC: fertile peridotite ? 2.5 wt % CO 2 ) at 10-20 GPa and 1,500-2,100°C and constrain isopleths of the CO 2 contents in the silicate melts in the deep mantle.
• Near-solidus (ACP: 1,400-1,630°C between 10 and 20 GPa) carbonatitic melts with \ 10 wt % SiO 2 and [ 40 wt % CO 2 are gradually changed to carbonated silicate melts with [ 25 wt % SiO 2 and \ 25 wt % CO 2 between 1,480-1,670°C in the presence of residual majoritic garnet, olivine/wadsleyite, and clinoenstatite/clinopyroxene.
• With increasing degree of melting, the melt composition changes to an alkali-and CO 2 -rich silicate melt in the composition (Mg# = 83.7-91.6; * 26-36 wt % MgO; * 24-43 wt % SiO 2 ; * 4-13 wt % CaO; * 0.6-3.1 wt % Na 2 O; and * 0.5-3.2 wt % K 2 O; * 6.4-38.4 wt % CO 2 ). The temperature of the first appearance of carbonated silicate melt at 10-20 GPa is * 440-470°C lower than the solidus of volatilefree peridotite.
• Garnet ? wadsleyite ? clinoenstatite ? carbonatitic melt controls initial carbonated silicate melting at a pressure \ 15 GPa, whereas garnet ? wadsleyite/ringwoodite ? carbonatitic melt dominates at pressure [ 15 GPa.
• Similar to hydrous peridotite, majorite garnet is a liquidus phase in carbonated peridotites (ACP and PERC) at 10-20 GPa. The liquidus is likely to be at * 2,050°C or higher at pressures of the present study, which gives a melting interval of more than 670°C in the carbonated systems.
• Carbonated silicate melting in the deep mantle starts at 400, 420, and 470°C below the volatile-free peridotite solidus at 10, 15, and 20 GPa. CO 2 saturation of partial melts from carbonated peridotites shows that CO 2 -rich silicate melts can be generated through partial melting of carbonated peridotite between 10 and 20 GPa, which can be in equilibrium with mantle peridotite and plays an important role in metasomatism of the deep mantle.
• Alkali-rich carbonated silicate melts may be produced through melting of carbonated peridotite to 20 GPa at near mantle adiabat or even at plume temperature. These alkali-and CO 2 -rich silicate melts can percolate upwards and may react with volatile-rich materials accumulate at the top of transition zone near 410-km depth. If these refertilized domains migrate upward and convect out of the zone of metal saturation, CO 2 and H 2 O flux melting can take place and kimberlite parental magmas can be generated. These mechanisms might be important for mantle dynamics and are potentially effective metasomatic processes in the deep mantle.
